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An investigation ~.?asconducted to evaluate the ln,ter-

action of wing and body at supersonic speed. Threw wang . .

models of straight andL sweptback plan forrdand three related

bodies of revolution were tested separately and in all
..

possible wing-body co~binations~- IAft, drag, and pitchig.g.
1 ,.

moment’were measured at 1.53 llachnunber thro@h a range of

Reynolds numbers. The results of the investigation and a

discussion of the expei-imentaltechnique are presented.

Up to the limits of the in-.estiSation,the ~erodynarnic

characteristics of the models tested uere found to be,

for the wings, independent“of scale beyond one–half million

Reynolds number and, for the sharp-nose bodies, nearly

independent of “scalebeyond ReynoM-s numbers,of three

four iillions. Beyond these values, the supersonic

aerodynamic characteristics of the m.odel.s.te~.~ed~anj-
. .

with a few exceptions) be closely.pi-edicted~rheqe.ver.
,,.!’ ,.,: -. ,, .
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.

:,,,

.



2 .C.ONFIJENTIAL YACA RHO. A6K22
,.. -

theory exists.

It was found that the effect of’interaction is such that

the portion of wing area blanketed by the body should be

considered completely effective aerodynamically in estimating

the lift and drag of,a combination, TIIisrule probably fails

if the wing is close to the base of the.body,’or if the wing

span is small c~mpared with the body diameter.

INTRODUCTION

The problem of estimating the interaction between simple

aerodynamic shapes in combination has, at subsonic speeds,

been the subject of both theoretical and experimental investi-

gateion. This same problem at supersonic speedg now confronts

both the aircrnft designer, whq must combine the characteristics

of separate aircraft elements, and the”wind-tunnel investlgator~

who must know to what extent he iS justified in breaking down .__

a general research investigation into studies of individual

components.

Existing supersonic theory permits the prediction, at

least approximately, of the aerodynamic characteristics of’

certain simple shapes such as rectangul~ wings and pointed

bodies of revolution, The limited amourit of experimental

evidence now available cmfirms, with

validity of present theory. However,

combinations of these basic forms has

certain exceptions,

no theory treating

yet been advanced,

the

and

virtually no experimental results illuminate this problem.

●
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An example
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of the consequent state of ignorance is the

3

--+

current uncertainty as to whether the area of wing blanketed

by the body should be considered in estimating the supersonic

performance of a wing-body combination~ as is common in the

subsonic cases

To provide information on the interaction

bodies at supersmic speeds was the aim of the

investigation. Iieasurementswere made at 1.’53

of wings and

present

Mach number of

.

%

the lift, drag, and pitching-moment characteristics of

several wings and bodies and the resulting combinations.

Hodeis were chosen to bring out possible varie.tionsof aero-

dynamic characteristics resulting from modifications of wing

plan form or of body contour. MoreoverJ the models were

chosen similar to possible designs of supersonic aircraft so

that the results might be of direct application. Variation

of tunnel pressure provided a range of test Reynolds numbers

to give an insight into the effects of scale.

In the present report, the results for the wings and

bodies of revolution alone are first analyzed in comparison

with existing theory. Following that, the effect of combining

these basic forms is discussed, and simple empirical rules

are derived for estimating the characteristics of a combi-

nation from those of its components, An attempt is made to

explain the physical basis for these rules, and certain limit-

ations to their validity are suggested.

.-
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APPARATUS AND METHODS

Tunnel —

——

The investigation was conducted in the Ames 1- by J-foot

supersonic wind tunnel No. 1. This is a variable-pressure

tunnel fitted temporarily with a fixed two-dimensional-flow

nozzle designed t~ provide a uniform Mach number of 1.5 in a

1- by 2~-foot rectangular test section.

The tunnel is powered by synchronous electric motors which

drive four three-stage centrifugal cOmpre~~ors-at a ne.ximum. _. _ :

rated load of 10,OOO horsepower in c~”ntinuous~perati.cm. The .—

level of total pressure in the tunnel cqn be maintained auto-

matically at any selected value from a minimum of 2 pounds per

square inch to a maximum, at the present Hach number, of 25

pounds per square inch, Humidity of the air can be reduced

to a low value by repeatedly evacuating-the tunnel and refilling

it with dry air from a supply tank.

Instrumentation

Lift, drag, and pitching moment ofthree-dimensional

models are measured by an electric strain–gage balance,

Figure 1 chows the general arrangement ?$ the balance inside

the tunnel test seotion. Figure 2 is a scheaatic C&awillgof

the balance mechanism, A beam carrying the n~del on a sting

is mounted inside a housing that is supported by a strut

spanning the tunnel downstream of the test section. Five

CONFIIXNTIAL
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constant-stress cantilever springs constrain the streamwise

and vertical mchim of the beam relative to the housingo

Additimal restraints limit its rolling and transverse

movement. Each of the five springs carries four strain-

gage windings which are

circuit, and a constant

current power supply is

ccmnected in a ‘Wneatstme-bridge

electromotive force fram a direct

impressed upon the circuit. Under

5

static conditions each circuit is electrically balancedc

Aeroydnamic forces transmitted from the m~del to the spring

unbalance the circuit, and the amount of unbalance is measured

on a light-beam galvanomcter. The gc.lvanometerreadings are

directly proportional to the forces, the constants of propor-

tionality being determined by static calibration.

A single strain-gage unit neasures the component of force

parallel to the beam while readirigsof the other two pairs of

units are c~mbined electrically to give the force perpendic-

ular to the

arbitrarily

lift, drag,

calculated.

beam and the

fixed point.

and pitching

The beam is

pitching moment acting abcmt an

From these three quantities the

moment acting on the m~del are

electrically

h~using, and fouling between the b=m

balance is indicated by an ohmmeter.

insulated from the

and the rest of the

The forward section Of

the housing which contains the balance beam can be rotated

through +5° in pitch to vary the angle of attack of the

mtielo The pivot is behind the m~del, so that angle-of-

attack changes involve vertical displacement of the model,

CONFIDENTIAL
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as shown in figure 1.

The sting suppm?ting the model is cmpletely enclnsed by

a shroud that extends from the front of the balance housing

to within l/32-inch of the model base. %mu~ing serves

primarily to eliminate all aercxlynamictare forces upcm the

sting. Furtkeruore$ the entire interior at the be.lanceis

maintained at the base pressure of the model, s~ that base

pressure readings can be obtained sinply by measuring the

pressure inside the Musing.

The tunnel test secticm is fitted with l-1/&inch thick,

1~-inch-diameter optically gr6und plate–glass windows. A.

schlieren apparatus permits observation of the flow field about

the models. The system consists of a light sourcej two l&inch-

diameter spherical mirrors of 120-inch focal length, an adjust-

able knife edge, and a combine.tiancamera and,viewing screen.

A 1000-watt high-pr=essuremercury-vap~r lamp provides either

continuous illumination for visual observation or a sin.@e-

intcnse flash of approximately 6 mi.crosccondsduration for

high-speed photography.

Pressure measurements required in reducing the force .-

data ta coefficient form are observed cm a multiple-tube

mercury manometer Included are the tat?.1pressure upstream

~f the test sectian, which is used in canputing dynamic

pressure, and the static pressures at the test scctim and insldo
*

tho balance, b’)thof which enter intc base drag calcule.tions. u“_

Specific humidity of the air in the tunnel is dctcrmincd

CONFIDENTIAL .-
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by using a standard Bureau of Mines d.ewpointe.pparatus. In

this device a stream of the sample air is directed against

a p~~~sh~d metal mirr~r which is cooled by evaporation of

b~ttled carlmn di~xide. Readings are nade of the pressure

and temperature at which formation of dew commences at tlm

center of the mirror. When the tun~.eltotal pressure is less

than atmospheric, tunnel air is drawn through the dewpoi.nt

apparatus by a vacuum prep.

A phot~graph of the wings and bodies investigated is

shown in figure 3. All pertinent dimensions of the models

are given in figure 4.

Three related b~dies of revolution were investigated.

These e.rereferred to as the %asic,!’ the !’blunt,’rend the

llbulbo~~l’bodies. As the names suggest, tke latter two

shapes represent modifications of the first. The basic

body had a sharp ccmical nose ~f 2C0 semiangle followed by

an ~giv.altransition to a cylindrical midportian. It was

moderately bm.t-t=iled, and had an over-all tineness ratio

of seven. The blunt body was identical with the basic b~dy,

except that the pointed n?se was rounded ~ff t~ a l/8-inch

radius. TM.s was done to ascertfiinthe p0s6ible effects of a

strong bow wave intersecting the wing of a combinatim. Tile

bulbous body had the same ogival head as the basic body, but

the rear p~rtion WP.SunderCut. Thl.swas done to ascertain

CONFIDENTIAL
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the possible effects of

root of a c~mbination.

CONFIDENTIAL

prmounced body

The bodies were

ILK% FM NO. A6K22
3

curvature at the wing
r

carefully machined

fram steel and highly polished. They were built up ~f two

pieces plus a filler plate, as shown in figure 3.

Tw~ wing plan forms were investigated. These are referred

to as the l’straightlyand the ‘lsweptbackllplan forms. Both had

a taper ratio of two to one, an aspect ratio of four, and the

same area. The sweptbaok plan form can be visualized as being

derived from the straight plan form by shearing in the stream-

wise direction until the midchord line has been rotated through

35° ●
The leading edge is then swept back approximately 4-1oand,

at the i!achnumber of this investigatim, lies ahead of the

Mach’cme springing from its apex. Wing tips were cut off

parallel to

1% WELS

.
the portim

the flight direction.

anticipated that this investigation might show

of wing area blanketed by a body to be only

.

w

partially effective aerodynamically. Thus it was expected

that when these bodies and wings were cambl.ned,the combination

might carry lift and drag forces smaller than the sums of the

forces on its components. The extent of this possible ineffec-

tiveness oould be determined experimentally by testing in —

combinati~n another wing model which has..theeffect of’adding

the original plan form entirely outside - rather than through - .—

the bodies. This was d~ne only with the straight plan fmm
,

and, to simplify the model, in combination only with the basio v

and blunt bodies.

CONFIDENTIAL
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Accordingly three wing models were cmstructed: one each

of straight and sweptback plan form, and a third, comprising

the straight plan form divided at its center by the maximum

body diameter, to be tested only in ccunbination. All three

wings were ~f b-percent-thick SeCtiOil In the streamwise

direction. In all cases an isosceles triangular profile was

chxen for the wings. This is a representative section kncwn

to have good aerodynamic characteristics

and, in additim, was easy to cmstruct.

are referred to the flat lower surface.

at supersonic speeds

Angles of attack

The models were

machined from heat-treated to~l steel. Leading and trailing

edges were ground to a t-nicknessof less than 0,002 inch.

When teste~ alone, the first two wings were clanped in

a small conical fitting, shown in figure 3, which was mounted

at the end of a sting. To form a wing–body combination, the

filler plate of the bodies was rein~vedand replaced by any one

of the wings. When assembled, the wing was at zero angle of

incidence with respect to the axis of the body. Three typical

wing–body combinations are sketched in figure ~. All screw

holes and gaps were filled with beeswax and finished snooth

prior to testing. Sting lengths for the models were so chosen

that a wing, when tested in combination, occup3.edthe same

streamwise location in the test section as when tested alone.

In order to increase the range of positive angles of

attack, all models were set on their stings at an initial

angle of 3°. The available balance renge of +5° then

CONFIDENTIAL
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provided nominal angles of attack fcw models of from -2 to 8°.

Photographs of typical m~del installations are sh~wn in figure 6.

Certain

essential to

be mentioned

Tunnel Calibratim

results obtained in calibrating the tunnel are

an understanding of the investigatim. They will

here insofar as they cmcern the present tests.

Chief among these results is the determination of the

effect of humidity. It has been found that the quantities

ass~ciated with the flow in the te~t section - total prcssure~

static pressure, dynamic pressure, and W.ch number - vQ.rY

with the amcwnt of noisture in the strem. Values of the acro- .— —

dyne.miccaefftci.entsof nod~ls tested, however, appear to be

independent of humidity below a value of

pcmnd of water per pound of air provided

flow quantities is ts.kenint~ account in

approximately 0.0014
.

the ve.riationof the *

the reduction of the —

data. The specific humidity was maintained below 0.000g in

the present investigation.

The Mach number in the test secticm, in addition to varying

with humidity, was found in the calibration to depend slightly

upon tunnel total pressure. In this investigation, the Mach

number at the position of’the wings va.r~edbecause of the

combined effects of humidity and tunnel pressure between

extremes of 1.52~ md lo!%) lying ordinarily clOse to 1*530Q

The streamwise static-pressure gradient in the test

section amounts ta 1* percent of the dynamic pressure over the

CONFIDENTIAL
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length of the bodies. The corresponding correction to drag,’

estimated as a simple buoyancy effect, is n~gligible in every

case. The pressure gradient across the tunnel was found to

be nil, and that in the vertical direction negligibly small.

Stream angularity was shown by the usual procedure of inverting

a wing model to be zero within the accuracy of measurement.

RESULTS

Rnnge of Tests

Each model was tested at nominal angles of attack ranging

by increments of 29 from -2°to go. Measurements of lift,drag,

and pitching m~ment, together with base-pressure readings and

other supplementary observatims,werc made at five values of

tunnel total pressure. These pressures end the corresponding

values of Reynolds number for wings md bodies are as follows:

Tunnel total pressure Reynolds number fzr Reynnlds nunber for
(lb/sq in) bodies (miliions) wings (millions) .

3 ().wj
6

0.12
1*1 .24
2.1 .45

%
?

.1 .66
25 .2 .90

Selected schlieren photographs were F.lsotaken.

Data for the wings and combinatims at high angles of

attack and at the Mrger Reynolds numbers were limited by

fmling of the model or sting ag=.instthe shroud. All the

results presented are free of fouling,

CONFIDENTIAL
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l;~stof the moment data were frond to be useless because
b

of excessive zer~ shifts, and were discarded. After this

defect was remedied, moment readings were errcmews above

mly moderate values of lift because the balance beam brushed

against an electrical lead. Only the moment readings were

invalidated, the disturbance t~ the lift and drag being

neg,ligibl.e.Because of these difficulties, the reliable

pitching-moment results are fragmentary.

Scklieren Photographs

The character of the flow abaut the models is illustrated

by typical schlieren pictures in figme_.7, The u~per photo-

graph shows the bulbcms body at zero angle of attack, while

in the lower photograph the straight wing has been added.

Both pictures were taken at a tunnel pressure of lg pounds

per square inch with an exposure time of a few microseconds.

The knife edge of the schlieren apparatus was perpendicular

to the flow direction and oriented s~ that regions of increasing

density in the streamwise direction appear dark.

In the upper picture the principal shock waves caused by

the model e.re,from left to right, the bow wave, a campr~ssion

shock from the neck of the body, and the trailing shock behind

the base, f~llowed by a string sh~ck wave froa the conical

of the balance housing. ‘i’heintersection of each of these

shack waves with the b~undary layer on the glass side wall

head

appears as a wavy hyperb~lic line,. The wake is seen to oonverge

CONFIDENTIAL
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behind the base of the body and flow turbulently along the

shroud and balance hmsing. In the lower picture two

additimal shock waves spring from the leading and t.raiiing

edges of the wing. .,

The two shock waves cutting across those from the model

are known to originate from”a slight imperfection in machining

the top and b~ttom walls of the tunnel:. They fall.downstream

of all models and are knowm td’be weak, so’that they sh~uld

not affect the results. The mottled app&arance ~f.the-b~ck-

ground is believed to’result from turbulence of the bgu~dary

layer on the glas”s’windows.’~ , I

Aerodynamic Force Data “

.

““ All force measurements are presented in the form of
.

lift, drag, and pitching-mo~ent coefficients. To obtain these

r~sults balance readings were multiplied by previously deter-

mined calibration constants to give the forces parallel and

perpendicular to thebalance beam and the pitching moment

acting about the arbitra~y reference axis. From these values

and from the angle and position-of the m~del relative tO,the

beam, the lift, drag, and pitching moment of the modelitself

were calculated.“ These quantities were converted to coeffi-

cient form through avisi~n by appropriate reference dimensions

and by the dynamic pressure calculated fr~m

.

“CONFIDENTIAL
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,.

where b
.

~ dynamic pressure at the nodel -.

‘Y adiabatic exponent for air, taken to be le~+O
. . ..

11
,,...-,.

Mach number at the model
.,

H total pressure,at the model.

The proper value of H is slightly less than the value HI
....

measured upstream in the low-speed section of the tunnel. The
. ..

ratio H/Hi has been determined experimentally as a function
,.

—
.

of specific humidity. Its value during this investigaticm “..

(i@e., f~r specific humidity below 0*000~) lay aiways between
.,, “- m.. ..,’,

0.99 and 1.00, and was taken to be unity.
.-

Coefficients for the bo”diesalmd”ar.e referred here to

the frontal area, and moments are taken about the base with. .

the body length as reference. Coefficients for
. .

wing-b~dy c~mbinatims are referred to the wing
,. .,.

area, moments being taken aboutthe centroid”~f’..

,,, ● ✍

the wings and

plan form ‘“’- .——. . . . .
the plan””forfi__

with the mean geometric chord as ref’er~ncelength. Thus in
. ..

combinations involving.the divided straight wing the reference,. ..... ., .-:..!
area 1s entirely outside the body, while in every other ease., . ...
t,he-referencearea extends throug~ the body. In this way

cpefflcients,for all the wings and comb~_nation~sare rel?errred-

to .acommon area, which permits direct quanti’tati.vecomparison. .. ..- ... .,. .,.
of the results. Values of Reyn51ds number are based upon ’the

total length for bodies and upon the mean gecmetric chord &

Values gi,venfor total dr~gof bodies and c~mb+natlons do

—

..

.

—

—

.-
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not necessarily apply to the nodels in free flight. No atte~pt

was made to cwrect drags for the unknown effects of support

interference● Independent tests indicate that these effects

are a complicated functim of tb-esize and positim of the

madel relative to the support, the shape of the model, and the

Reynolds number. The effects are, however, confined nostly to

the rearward pmtion of a nodel and me feit principally as a

change in ‘b.sepressure.

For this reason)and bec~,usebase pressures cannot be pre-

dicted by theory,data are also presented for the total measured

drags minus the base drags. The result is termed the ‘*f~rell

drag. Base drags were calculated by multiplying the base area

by the difference between free-stream static pressure and
I

measured base pre~sure. Other investigati~ns (reference 1)

have shcwn that the pressure is cmstc.nt wer the base. Va.lucs

~f fore drag are believed t~ be relatively unaffected by suppwt

interference, and can be cmnpared directly with theory.

Because all the stings were shr~uded, n~ tare forces

exist except for thase cm the small canical fitting used t~

support the wings. In an attempt t~ determine the magnitude

or tb-eseforces, an equivalent dummy fitting was tested alone.

The results which are shawn in figure g far the highest value

of Reyn~lds number are representative of those at other

values. The coefficients are rcferrcdt~ the dimensims ~f

the wings, and pitching mmnents are taken ab~ut the reference

axis f~r the straight win~, Lift and ~mcnt were seen t~ be

negligible compared with the lifts and maments experienced

CONFIDENTIAL
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by the wings and combinations. Drag Is..appreciable, however, k

and was accordingly subtracted as an aerodynamic tare from the

measured drags of the wings plus the fitting.
*

—

Precision

The accuracy of the results can be estimated by considering

in turn the uncertainty Involved in determining angle of attaok,

in computing dyriamicpressure, and in measuring forces with

the strain-gage balance.

Zern angle of attack for each model was measured under

static ccmditi.cmsby means of a dial i.ndlcatorarida carefully

leveled.surface plate inside the tefitsection, and is accurate

to within A-O.O~O* Other angles were obtained by cranking the

balance angle-of-attack mechanism always in the same sense to

eliminate backlash and reading a cmmter to the nearest O.O1°;

kence no additional error was introduced. Finally, all angles

of attack were corrected for defection of the support systcm

under aerodynamic loads The deflections were calculated from

the measured values of lift using elastic constants previously

determined for the system by loading each model statically

~at its center of pressure. The calculated deflections agreed

well with those observed directly with a telcscopo

during the tests and should not be in error by more than +0.05”’

even at the highest lift. Accordingly, the over-all uncertainty

in angle of attack is believed to be ne~er greater th~ M.1 4

,

.

.

Calculated values of dynamic pressure are subject to

CONFIDEIWIAL
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three known swmcee of error. First is the uncertainty in

total-pressure readings, which are believed”to be accurate

to within +1 millimeter of mercury. The corresponding uncer-

tainty in dynamic pressure amounts t~ less than 1 percent at

the lowest tunnel pressure, and falls to less than one-tenth

of 1 percent at the highest pressure. Secand, no correcticm

was applied for the Qecrease in total pressure along the

tunnel from the point of measurement to the model p~sition,

which the tunnel calibration showed to result from ccmu2ensa-

tion of water vapor. Values of dynamic pressure may, on this

account, be low by as much as 0.9 percent. Finally,

equation (1) relating total pressure and dynamic pressure

involves a knowledge of the test l&ch number. The expression,

however, is near a maximum with respect to M at the present

value of approximately 1.53J and is consequently insensitive

to small errors in the determination of Mach nunber.

Repeated calibration of the strain-gage balance during

the course of the investigation showed fluctuations in the

calibratim ccmstants of less than one-half of 1 percent

over a period of several months. Calibration constants were

found to be entirely unaffected by the extremes of pressure

and temperature to which the interior of the balance is

subjected in the course of a run. The zero readings, on the

other hand, shifted over a wide range with changes in temper-

ature. The variations could, however, be correlated with

rer.dingsof thermocouples at the strain gages. The remaining

CONFIDENTIAL
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uncertainty in zero readings introduces small errors at the

low values of Reynalds number, where the tunnel pressure and

hence the forces cm the models are small. At higher Reynolds

numbers, however, which Involve high tunnel pressures and

large forces, the uncertainty in zero readings is usually

unimportant.

At high values of lift, a further correction to the drag

was necessary because lift and drag are not completely

independent. The strain-gage springs deflect under load,

the balance beam rotates slightly, and a saall component of

the lift acts upon the drag gage. Although small, this

correction repeats poorly, introducing a maximum uncertainty

of less than +00002 into the drag coefficients of any model.

All coefficients are presented as if the test Mach number

were constant. Actually its value fluctuated with tunnel

pressure and humidity between the limits previously given,

.

and the aerodynamic coefficients varied accordingly. To a

first .approxim.aticm,coefficients for wings are theoretically

pr~portlons+lto (~f~- 11)-2) and hence .devi&tefrom the mean

by as much as *I percent. (?oeffici.entsfor badies of revol-

ution e~e according.to.linear theOry much less reep~n6ive to

slight variations in test Kach number.

The fcllowing table l+sts the tote-luncertainty Introduced

into each ooefficlent by errors in.determining dynamic pressure,
.

by errors in measuring forces with the balance, and by .—

fluctuation of test Mach number. Values are listed for the

CONFIDENTIAL
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lowest and highest values of Reyn~lds

between these

Coeffl,cie-pt

extremes.

Uncertainty at

19

number and vary linearly

Uncertainty at
lowest Rej-nalds highest %ynolds
number number

Ba~~f;f revolution
+0.1 +0.03

drag +*O3 +.ol-
pitching moment +.2 +aog

Wing or combination
lift +.02 +001
drag + .00G

‘cog
+ ● 004

pitching mment +.02

Inspection of the data indicates that-experimental

lies generally within these limits.

The possible existence of nonrepeating errors

scatter

resulting

fran unknown or uncontrollable causes, such as balance

frictian, was Investigated by making repeated tests of

sever~l models. The basic body was tested twice, and the

straight wing was tested at the start, the middle, and the

end of the investigation. It is gratifying to see that all

discrepancies between repeated runs

uncertainty

appreciable

prescribed above. Thus

source of error remains

lie within the limits of’

it is concluded that no

unaccounted for.

The results f~r wings and bodies alone will first be

analyzed in detail in camparisan with existing thecry. ThiB

is done not only to establish a firm basis for the subsequent

CONFIDENTIAL
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discussion of wing-body combinations, but also because data

for these elementary aerodynamic shapes are of interest in

themselves, particularly insofar as they clarify the effects

of scale at supersmic speeds. Following this analysis of the

separatewings and bodies the main objective of the investi-

gation -.an evaluation of wing-body interaction - will be

discussed.

●

.

Bodies

Compar&ble theoryo- Experimental results for the three

bodies of revolution can be compared with values predicted by

the theoretical solutions of vcm Kirm&n and Mocme far wave

drag (reference 2) and of Tsien for lift and pitching moment

(reference 3). These are linearized solutions

first approximeti.onsto the actual aerodynamic

Both methods involve a stepwise solution which

which yield only

characteristics, .

was carried

out for the basic and bulbous bodies using 14 and 1$ integration

stati9nsJ respectively. The methods are not applicable to the

blunt body, The e-ctual computing pr~ceduue employed was that

af reference 4. The resulting pressure distributions are —

presented as a matter of interest in figure 9. Fcr the bulbous

body the pressure distribution at zera angle of attack was

calculated over the head only, because pressures f~longthe

cylindrical shank exert no net farce. The pressure ca the

conl.oalnose given

Taylor and Haccoll

by the mathematically exact theory of

(reference ~) is alsa shown to indicate

CONFIDrL!TIAL
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degree of approximation involved in the linear theory.

Lift,- Figure 10 presents the lift characteristics of

the three bodies of revolution. Lift coefficient is plotted

versus angle of attack at five values of Reynolds number.

For comparison the theoretical variation is also sho?m by

a dashed line fcw the basic and bulbous bodies.

The bodies, being axially symmetrical, should of course

show vanishing lift at zero angle of attack. Their cmsistent

failure to do 60 can be attributed only to errors in force

measurement, probably a result of the remaining uncertainty

in balance zero shift with temperature. In

discrepancy lies inside the limits of error

For all three bodies, lift coefficient

first linearly with angle of attack, as the

indicates; only above 6° angle of attack do

values of’lift begin to rise nore rapidly.

general, the

listed previously.

increases at

simple theory

the experimental

Analogy to the

case of airfoils suggests that such an upward curvature might

be predicted by a theory more refined than the first-order

tree,tmentemployed. However, the departure from linearity

is here so abrugt that it is more likely the result of

another cause, perhaps flow separation. Tsien notes

(reference 3) that in the event Of sep=ati~n the ~ft will

increase at greater than a lines.-rate.

Experimental values of lift-curve slope depend upon

Reyn~lds number,

lift-curve slope

as shown in figure 11. For each body

is seen t~ fall initially with increasing

CONFIDENTIAL
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Reynolds number, remaining nearly constant beyond about three .

milllons. This c~ndtant value is, f~r the basic body, equal

to that predicted by theory. Blunting the n~se inoreases the

slope at high Reynolds numbers. ?or the bulbous body the final

ccmstant value of lift-curve slope is considerably less

theory, and is about equal t~ that for the basio shape,

reason for this may be in part that the effective shape

than

The

of

the bulbcnzsbody approaches that af the bc’.sicbody. Schlieren

observation indicates that the flow departs from the sur~ace

of the bulbous body Just beyand the point of maximum thickness,

probably as a result of larninarseparatim. In figure 7 (a)

this effect is evident from the thin dark line on the top of

the body. It car.notbe observed on the bottm , probably .

because of insufficient optical sensitivity; but the attendant

“catwhisker~fsh~ck wave, which mmks its beginning, is clearly
.

evident. The’separation apparently starts sllghtly”ahead of —

the theoretical adverse pressure gradient shown in fi&ure 9. —

Dra~.- In figure 12 the total-drag and fore-drag coeffi-

cients of each body are plotted versus angle of attack. —

Theoretical values are also shown for the basic and bulbous

b~diess No theory is shown for the blunt body since the method

is inapplicable.

Consider first the general effects of sca.ieupon drag.

It is seen that total-dreg coefficients of all t’hreebociios

exhibit large variatims with Reyn~lds number. Comparison

with the corresponding fore-dreg coefficients makes it evident

CONFIBENT71AL

,



23NACA m IiO. A6K22 CONFIDENTIAL

that this is the result largely of scale eff’ectupon base

pressure. Howeverj considerable scale effect upon fore,,

drag renains. The remaining effect is much too great to be .-

attributed to changes in skin friction, if.incompressible

values of skin-friction coefficient areasswed. This,

assumption appears to be justified by the results of

references 6 and 7. .,
.

In the case of the bulbous b~dy, the variation of fore

dreg with Fleynol~snumber
..
flow separationwhich was

can probably be ascribed to the

seen to occur near the point of

maximum thickness. Independent tests suggest that the,,

extent of separatix varies rm.rkedlywith scale, although.,

schlieren photographs, which might confirm tb.isfor the,..

bulbous body,
..

are not available throughout the range of

Reynolds number. Consideratim of the theoretical pressure

distribution indicates that the experimental variation of

fore drag is less than the change which would result if the
\ ..
flow separated tangentially at the point of.m.sximum

thickness. Only partial pr~gression with Reynolds ,number

between separated and unseparated

to account quantitatively fm the

drag●

flow is thus sufficient

observed change in fore

No separatim was observed which might account for the
..

effects of scale upon the f~re drags of the other two bodies.

It is likely, hcwever, tl&t variatim of pressure at the rear
.

of a body is not c~nfined solely to the flat base, but is
-.

CONFIDEISTIAL
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transmitted some distance upstream thr~ugh the boundary

layer. Thezbasic and blunt bodies are boat-tailed, so that

such a’variation wmld exert ‘aresultant force in the “drag

directi~n. The magnitude of this force has been estimated cm

the assumption that the base pressure acts undiminished over

the entire boat–tail and has been found to.more than account

fbr the observed changes in fore drag. No explanation is knwn

for the fact .that,foredrag exhibits a much greater scale

effect’for the blunt body th~ “forthe,basic body. ‘

It ie evident from figures 12(a) and 12(c) that the rate

of increase of drag coefficient wLth ang~e of attack i~ under-
,,,. ?,

e~~imated”by theory.
..:

The agreement imprwes as Reynolds number

“ isincr.eased, but even at the’up~er-li~it ~f the investi-

‘gation,the fore drags af the basic and bulbous bodie’s

increase.several times fasteti”thanthe theoretical prediction.

,, Consider n?w the particular case of minimum drag.

,,”

Figure 13 shows the effects of’scale upon minimum drag
.. . A

c~efficients.of the three bodies. B5th minimum f~re drag

.

.

.

.

and minimum total drag are seen”to incree.sewith Reynolds
..
number. Nearly constant values are attained for the basic

body’at a Reynolds number of thr’eemillions, aid apparently!.

A1s5 for the bulbous body at the highest test value. Minimum

drags of the blunt body continue t~trise up,to the linit of the
●

,Bluntingthe basic”body.increases both minimuminvestigation..,

fore drag and minimum total drag, except at the lowest
.

Reynolds number. This one exceptim appears so unlikely that

,, fiONFIDENTIAL,., ,.,
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it must be presumed to “bedue to experimental error,lying as
,,

it d~es just inside the limits of
. .

previously,

Also shown for the basic an~

uficertaintylisted .

bulbous bodies in figure 13

are the theoretical values of f~re drag, consisting of the

theoretical wave drag plus the skin-friction drags for both

laminar and turbulent flow, Values of skin-friction coeffi-
,’

cients were assumed a~propriete t~ incompressible flow.

At low Reynolds numbers, minimum fcme-drag coefficients are

seen to fall below either theory. “As discussed previously,

this discrepancy results from separation in the case of the
..
bulbous body, and fr~m high base pressures acting through

the thick boundary layer to increase the’pressures over the

boat-tail in the cask of the’basic body, At higher Reynolds

numbers, hmeveri
.,

experimental‘valuesof minimfi fore “drag

lie-between the narrow limizs of

and turbuleritskin friction. ‘In

nature of ‘tie t“hebry;“such”close

fortuitous. “
.,. .,

the-ory~odi~ied for’laminar

view of the approximate

agreement is perhaps “’

Pitching moment.- Reliable moment data were obtained “

anly far the basic bad~. These are presented’in figure 14

together with the prediction of linear theory. It is”seen ~

that a zero shift (which lies inside the suggested limits of

uncertainty) has caused a seri~us displacement of the moment

curve at the lowest

appear gratifyingly

Reynolds”numb’er”.Oth~rwise the data

go~d, The increase of moment ‘coefficient

CONFIDENTIAL
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with angle, like that of lift, departs-frtirnlinearity above +
,’

6°. The slope of’the mokent.curve agrees well with theory “ ~~

throughmt the rang:”~f Reynolds numbers investigated, and

is not subject to scale effect,
. .

. .. . . Wings .,.

Comparable the5ry,- Experirnental,TesultsCaritiin the case

of the stra}g+t wing;’‘be”compa~ed,.withvalues predi~ted.,by
*, . ..,, .“

theory if.,theeffect “o’fJtQperis,neglected. In”the case Qf..,, ,., .,,..J..,
the sweptb~ck wing’~bn”.th~-’oth~rhand, it wi”li”’beseenthat

—_

.
existing..theoryi’snot:applicable.

...... ,.“,-,
,.’

The,aerodynamic”charactcristies+~f th~ straight wing aye,. . ,., —,.

except f.?rthe effects”~f taper.,and finite’span;-predicted by,,

two-dimensional supersonic airfoil theory. Here,th~ solution., ,.
. .

was .o.btainedby thd’method of successive obli<ue shoc_kwaves
.>.—

,’,

anq:isentropic expafisitins,which is presented in convenient
..,,.. ,:.

form in,reference‘8. Fbr the particular’a~rf~il-sect,ion employed
. . .

this ‘lshock-expansi~n‘1method:repr,eqents,in fact, the exact
.. . .

inviscid solutim ‘forcondit,ims cm the airfoil surface.
t -.”

The them?y fails if the flow changes to.subsonicbehind.the —

,bplique ,sh~ckwave”at the leading,edge, but the angl.e;.~f..r. —
.. .. ..,’..

~tt~.ck.at.whichthis occurs was .n~tat’t~~~edin t@ present
-,.,*..,.. ..~- ..---...

:.invest.igation.’” : ““”..:‘;,.
. ... .. .....,.,, ,:.. , .“;. ,>,. ,-

,’l~e:effectsCS$taper,,ca~n,~tb.e,acc5unt”ed”-fobth~oretically,
.,

Eut are.prob~bly”vsr~;sms:llj
,.

The effect~ -of fin”ite”spancan,
n–

. .- .—....4
.h~wever,be “accoun’tcd-f.or:~pptiax+rnat:~ly~Lin&ai?.thoory+.: ,.. - ., .,.

C~NFID2NTIAL ““’ ~~, ,,,.
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.

.

indicates that at supersonic speeds the effects are ccmfined

solely to the triangular portions af the wing intercepted by

the Mach cones springing frmn the frmt of each wj.ngtip,

Busemann has investigated the case of a recttingularflat

@ate (reference 9) and frond that t~ first order the lift

within the tip regions is half what it would be in the

absence of any effect. This result f~r the rectangular flat

plate was assumed to apply approximately to the present

tapered wing ~f p-percent--thicksectim. The theoretical

section characteristics were modified accordingly. That is,

the sectim coefficients were modified by the factors which

would apply to an’equivalent”rectan.mlar flat plate. The

equivalent recta’ngiilarplan fmm was chosen sa that the

Mach cane; springing from the wing tips intercept the sane
,,

percentage ~f “totalarea as on the actual tapered plan i’orm.

This procedure yields wh~t is.believed t~ be the best

predict’ianobtainable frwn existing theory. “It is this theory

that will be “employedin the discussim unless otherwise

n~ted.

For the sweptback wingno suchreflned theoretical

treatment has been developed. The first–w?der theory for a

constant-chord’sweptback wing of infinite span (reference 10)

applies in the present case for cmly a short distance behind

the leading edge. Furthermme, in attempting to use the

simple the~ry only wit’htnth’isregim, it is found that the

bow wave will always be detached from the present airfoil

CONFIDENTIAL
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sectihn, and consequently the theory is never applicable. The

reasonfor the,detachment is that near the leading edge to a

first approximation only the normal component of velocity is

and the corresponding Ma&h.number $s less than 1.16.eff’ectivq,, .

The.fithe bow,.wavewill theoreti,cally’d~tachwhenever the “angle

through :whichthe.flow is compressed at”.th,eleading eqge exceeds

2i%?.-,.Sincethe -leading-edgea~gle ‘ofthe sweptback wing is

‘detaduzentwill always occur.greaterfithantwice this value, ,.

Detac@ent was observed experimentall~ with the ,schlieren

:appara.tus,foran angle of ccmpres~ion at the Ieading.edge of

&Il~-3~. . In vi~w of these’’objections, n~ c~mparis~n with theory

is m“adqin the,case of th’e’sweptback wing’, .-
.’

Lift:- Li.ftc~racteristics of the strai-ghtand sweptback

wings are presented in figure 15. Variation ox lift..cqeffi-

‘.;;b’~ent’with~angle of attack is shown; tag&ther with ,thcoryin. .. ... .
the case’of the straight wing. o ‘“””. ~ ...,, .~,.,,,

“On thewho.le, lift results are qualitatively similar to.

what wculd be anticipated from theory. Lift coefficient

increases at first almost linearly with angle of attack,, and

sltghtly.more rapidly at high angles. An@e of zero-lift

“variesonly slightly with Reynolds”number #%rb@huwings, as

shown in figure 16. Its v~lue in’’”thecase.~f the.straight.
-. ... ...wingsexc,~eds,by ~= that predicted fr~m theory,, The same shift

.,
was:observed By Ferri”far a two-dimensional airfoil of similar

secti?n.tested ,atc~mpar’able“Valuis.of..Machand ~eynolds

.

.

.

.

-.

—

. .

,

.
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number (reference 11). Ferri obtained pressur.e-distribution

measurements on other profiles which indicate that the shift

can be.attributed to flow separatism on the low–pressure

surface near the trailing edge.

Figur’e16 shotisthat experimentalvalues of lift-curve

slope depend u-pm Reynolds number for both wings. Slopes

are seen to increase with Reynolds number up to one-half

mi-llimj probably

separation point.

lift-curve slopes

as a result o< rearward movement of the

Beyond this value of Reynolds number,

of both wings are independent of scale up

to the .limi’tof the investigation. Far the straightwing~.

the constant value, though 3sss than the theoretical section

value, is almo9t

for finite spali,

to the influ6nce

It will be.bhcwm

4 percent greater than the theoretical value

This discrepancycan.probably be attributed

of the.fitting which.supp.or.tsthe ~?ing..

later.when’discussing wing-body $nteractlon

that; at bupe.rsmic speeds, lifting pre.s8~.~scarry,over from

a wing onto a body for some distance,downstream from the

trailing edge;” The projected area ~f the suppmt fi~ting.

is 7“percent ~f the wing .are.a,s9 that”o,nlye..partialcarry-

over of lift would account for the ~p~??cent excess.

~n~lar “deflecticmof “thewings..underaerodynamic load.

“isa oo’nplicatlngfactor. :In,the,:c@~egf the straight ~ving

it caases ho diff~culty”sincethe.wing m~relybecames slightly

bmFGd, with every ‘spanwisesection remqiningat ;thesame ,

angle of attack. Th& Sweptbackwingj on the-other hand,

CONF’IDEX7TIAL
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twists tinderload so that the angle of attack decreases ...—

pr~gressi.velyalong the span, In the present investi.gaticm,. —.

measurements showed that the decrease amounted to as much as

10 at the tips of the sweptback wing. ..Forthis reason tho

actual angle of attack of the whole wing might be cmsidered .

indeterminatee, so that the true charact~ristics of the wing —

would be obscured by twist. From another point of view,

however, the angular deflection is more apparcn.t,than real. _______._

The awgutienudepends upon the simple theory of .sweepback

(reference 10) which, despite the objcctims previously

advanced,‘may perhaps apply ‘tothe present wing in a general .
,’

way. Consider hsw a sweptback wing deflects elastically under

load. Tt is apparent that the anglo ~f atteckqf streo,mwi.se_.— ● —

sectims’will decrease frm the root to the tip. The angle

of attcck measured normal to the leading edge will rcmainz

h~wever, nearly ccmstamt along the span. It-is this latter _.._ __

angle whtch$ according to simple sweep-back theory, deter-

mines the aerodyne.miccharacteristics. Tnus , according to

this thehry”,the characteristics of the sweptbac,kwing will

not be”affected”by twist.. That this latter reasoning may be

the more nearly correct is borne out by fi~re 16 which sh~~~s. -.

the effect of scale upon the lift-curve slope of.the swcpt-
,.

back wing. Fram a Reynolds number of one-half minim up to .-

the limit of the investigation the wing loading, and hence

the angle of tip deflect>m, increases several fold. Lift-
.

curve slope, however, remains unchanged.

CONFIDENTIAL
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s“trai&t and sweptbaek .-

wings are presented in ~igure 17. Theoretical’”wavedrag’is

also showm for the straight wing.

Foi*both win~s, drag coefficients are independent ot

Reynolds number above one-half million. Thus in figures

17(a) and 17(b) the test points for the three hi~est values

of Reynolds number define a single cu-rvec In order to make

this clearer in the case of the strw.ightwing, these Points

have been repl.ottedseparately from those for the two lower

Reyno15s numbers, as shown in the upper half of fi&’urel?(a).

Below one-half-million F!eyno15-snunber, the drag f~lls :

pi’ogressi-relyas the scale increases, probably as a result of

the decrease in skin Pricticn which acccnpan$es increasing

Reynolds num’’cr. Tr.isd.ccreascapparently more than offsets

~!~e~.iaein p~~ssur~ &=agw~~~ch ~~ofid ‘OC expe’ctedtO result

from the rOar~#O~=~~ovcncfitOf the separation point previously

“indicated.in the &iscussion of lift-curve slope.

Scale ef~ect upon ninimum 6.ragis typical qualitatively..

of that at any anglo of attack. Figure 18 shows the,variation

of.mininum drag coefficient with RoynoKs number for both , ;

wings. Also shown for the straight wing are the theoretical

values of drag obtained by adlln~ low-spced,values of laminar

and turbulent skin friction to the.thcoi?ctLcalwave @ag, The

agi’ccncntbetween cxpcrimcntand th’ctheory including U%minar

hand, agrccncnt wl.ththe
.,..

pboro ““Thusit Seems

ml~-c”of these tests
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the boundary layer is predominantly Iaminar over at least the

straight wing. ...-. .

At higher angles of attack, figure 17(a) shows that the

.

agreement is less perfect between theoretical and experimental

values of drag for the=straight wing. Beyond about so the

aeasured drag at the higher Reynolds numbers 2S loWer than the

theoretical wave “drag,even when skin friction is neglected~””

This”behavior 1s in accord with Ferrijs findings for an @r-

foil of similar section. (See reference 11.)

It has been seen that both the lift and drag characte~

istics of the two wimgs are independent of scale above one-

half million Reynolds number. Consequently the curves of

figure 19 showing ti:agcoefficient as a.function of lift GOef-_ ..

fi,cientlikewise .Qxhibitno scale effect beyond this value.

Curve~ of.drag cueft’icientand lift-drag ratio as a

function of lift coefficient are compared for the stralmt and

sweptback wings in ,figure20 for the ran~e of P.eynoldsnumbers
,..
in which scale.effect is absent.- The sweptback wing is seen

to be suycrior to the straight wing in that It displays approsci-

mately 10 percent ‘lower

drag ratio at’any value

range investi~ated. It

drag and correspondingly higher lift-

of lift coefficient throughout the

must be emphasize that this comparison

is presented simply as a,matter of interest. It was not the

purpose of this investigation to compare the relative nertts of

swept and unswept plan forms. .Conscquontly no attempt was made

in designing th,emodels to choose an

back; very probably some other angle

COHFTDFJNTIM.I.

optimum amount of sweep

would have proved more

.

.

—
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favorable, In any event, it is not to

,..
. . 33

be expected thet the

selection of the best sweepback angle for a given lie.chnumber .-

can be ,divcrcedfrom the clhoio,eof airfoil section,

iitching moment.- ?itchir+ymoment measurements.foi’the

wings were severely restricted by the balance dofeqt

mentioned pr~viouslj~ and, being snail, ~iqelikCWiSO subject

Vhe limited reliableto considerable e~criacntal scatter, ,

data are presented in figure 21 for the strsi~t,,and

sweptbacli~iings. ...’ ,,., ‘,,.’

Within the limits of cxj?primcntal’uncertainty,.momcnt
. .

cocfficicnts,forthe straight .w~g appear ‘toagroc with..,. ;.

t.hcorye The slopd.of”mombnt v~psus,anglc”of attack:~$, .
.

however, definitely at “variancp~:itii;th~’thcorctlca>. - ‘,
,., ,, ..

prediction, th!..,QPP.osite:’sikn:”+’,.i:the’”hs.vingj”infp.et,

GaSG Of lift–CUrVO..%@l’C;the tQs~i*cc~cti Probtily rcs@ts.,. ,, . ,,. ,,
from the intlucnce -ofthe fittinL, vfc+ichsupports thcwirigo

.. .,..
Lift carried over onto the fittin~$ which projects behind the

. .
tra~~ing e’~e; would tend to make the .obser+rcd”slop::of,th.~”‘

...
inonent””curvenCgat&VGj as it Ls in fi~vrc 2i.(a); -ItW@9 not ““

.,.
considered fcasjblc.,-.however, to c.tt.~pt”’tocorrect tbc .. :

,,,. .. . .,- ,.
rCSUlt8 for th$s.d%tuvbel~cco .“.’ ... ,.-.

. ..
Figure 21.(h) pkows ~hat the pitcl~in&+i6Ecntcoe.ff~c,}cqts

-.. ..,,.,. ..
~or the sweptback yingj:ycferred to th~ ccntroid of the.plan ‘“,,. ....-,. .’
form, are similar :t,~.those”for the,~tre.i~t wing, The .Hlope .
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because it is closer to the m~ment axis, “’Hencethe true values

of mcxnentcoefficientmay be virtually identical for the —

straight and sweptback wings at all angles of attacke In any

event the values are small, so that the center of pressure lies

nearly at the center of area for both wings. No scale effect

upon the pitching-n~ment characteristi~s of either wing can be

disoerned.

Wing-Body Combinations and Intere.ctinn

The aerodynamic c~racteristics of the eight wing-body

combinaticms are of interest chiefly in determining the

effects of interaction. Accordingly, the lift’and drag of the .-

combinations wL1l not be discussed separately but only in

comparison with the characteristics of.the Separate components.

Lift-lnternctiona- When the investigation was undertaken .

it was anticipated that the’portion of wing area blanketed

by a body might prove cmly partially effective in the production —

of lift. The extent of ,itseffectiveness was, of course, to

be evaluated by comparing the sum of the lifts of the separate

wings and bodies with the lift of each resultant combination.

This comparison is made in fi=we 22. Variation of lift

coefficient with angle of attack is shown by a solid line

for each combination of a wing plan form through a body.

In oases where the plan fmm”was also tested outside the body

(using the divided wing), the result is shown on the same

.

graph by a broken line. For comparison} a dashed line shows
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the sum obtained.by adding the measuz-edlifts Qf the

separate wing and bady~. All c~efficientshave been.referred

to a common reference.area,that of the wing plan form.

Xt is at ante evident that the lJft-curve slnpe for a..

combination c’)nprisinga plan ~orm mounted through abody

is practically identical in every case with the ,sm of ~ke

s25pes for the cmponent wing aimibody. Thiq gbser,vatlon,.

applies to either the straig’htor sweptback p@n fcm?

together w-lthany one of the three different bo@ies~

Furthermore, it is valid thro~ghmt the entire,,range of

Reyno13s numbers investigated, T3e accuracy ?f this:resuZt

is emphasized by the data shcwn in figures 22(a) and-22(c)
-..”

far the combinatim of the plan t~iq~m“cunted.outside -’

(rather than through~ the bb~y. The lift-curve slope‘ofthis

alternative cmblnatign.,is much greater than the total fbr”,.

its cmponentse ‘Tb.usat l.~~Mach number t-he,effect of ihter-

‘actionis such that in estimating the lift of ,a combination

frarathe characteristic of its compcments, $he portim ~f

wing area blanketed by the b3”dYshauld be considered

con~letely effective= ,,’

The mechanisn by which-lift is carried over across the
.

b~dy would be clarified by pressure-iiistributi?gmeasurements.
.J

Certain German results

to some extent explain

m“easure.mentsthrcm@ a

have redently kecane available wlnich”.. ...
t-nismatt-erc Reference 12.presents ““

broad speed r&nge of the lift di.stri-



36 CONFIDENTIAL XACA,IW NO, A6K22
.

comprising nearly the same body plug a’wing. Con”siderati~n
.

of the distribution of normal force shows tb.atthe result of

adding a wing is distinctly different at subsonic and supersonic
. .

speeds, At subsonic speeds additional lift acts upon the portion

of the body directly betweei~the two halves of the wing. At
i,.

supersonic speeds, however, additimal lifting pressures act

cm the b~dy for a ccmsiderable distance downstream of the wing.

It sppears reasonable to suggest that the.lift carried over

mto the body is .shi,fteddownstream roughly within an area

defined by the Mach cmes springing frgn the leading and
,.

trailitigedges of the wing root. Thus_>.hecocclusion reached.

in the present investigation - that the blanketed p~rticn of

wing is c~mpletely,effective in producingllft - “isprobably
,,

correct only whe,nthe,wXng.is located ~~ell.,ahead”ofthe base .-
.,.

of the body. Otherwise considerable lift may be lost. In the .

case 01’a tail surface, for extiple, the lifting pressures

,whichwould otherwts.eact downstream will disappear. The portion

of the lifting surface blanketed by the body will then be only

partially effective in producing lift.

i~entionmust be made bf andther probable restriction.

Consideration of the,li,mitingcase of vzmishingly small wing

span makes it obvious that the rule becwnes invalid when the9. —

wing span is short czmpe.redwith the body diameter. The exact

limit cannot, of course,,be determined fr~m the results of

this investigaticm. It is likely ti!atthe rule.will apply for

ratios of wing span to body diameter considerably smaller than

CCNHJ3ENTI-AL
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.

those employed here. -.

Experimental angles of zey~ lift ~or.the combinations..

are several tenths of a degree less than those obtained

from the cmponont results, except when the bulbous body “
,.

is ~nv~lved, It wai previously n~ted th?.tthe experimental

zero-lift ankle fen?the straight wingalon-e exceeds theory

by approximately the same amount, and the difference Was

attributed ta separation. This sugge@st hatthe presence

af the bo&~ inhibits flow separation ~v~rthe,wing, exoept

when the bulbous b~dy .isemplayed.

Drag interacti9ne- l,%~na ,~.zin~is mounte’dthrcugh a body,

blanketing of the midsecti.m of the v:~g will tend’to reduce

the drag of the combination because tkw:expased area is less.

On the other k~.nci,it is ?tinwnthatnutu~.1interference of wing

and body usually tends to increase the drag. Depending upon

which ~f’these effects pr,edaminates,the net drag QP the ““‘

cmzbinaticm will bc eit-nergreater qr ~e.ssthan Zhe -sumof

the drags of its caupo~ents, ,,::”-. ~ ,

A comparison is made in ~igure.,23,in.th5 same ma’nner ““

as in the case ~f lifts between the fore-@ag coefiicibn’ts ‘

of the varims wing-body conbinatianfiand the sutisof” “

the “drags of the separate wings and bcdies~ Fore “dragis
-.

considered, rather than total drag, so that the c~rnpart-son

wi’11not be c~mplicated by the possible effects of support

interference upcm base pressures -

CONFIDENTIAL
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Inspection of figure 23 leads to the conclusion.that, ,in
..

general, the drag of the combination comprising the wing plan’

form mounted through thebody is equal to the sum of the dbags

of its components, The accuracy of:this,conclusion is not so

great as in the case of lift, Tlieagi”e.gme~tis geneinallypoor

at the lowest values of Reynolds number. At higher Reynolds

.

.

numbers a systematic..variationwith b&y shape is evi’den-t~‘

For combination involving the basic body (figs, 23(a)’“&nd23(b))
,,

the drag is ordinari~y sli~htly gretit’crthan the sum for’the

separate wing and body. Vhcn the blunt body is involved
. .

( figs e 23(c) an&23(d)) the’two values-are essentially”equal,

while with the bulbous body (’f’ig’~.-~.s[e},and 2>(f)) the drag

of the combination is slightly smllcr t~hanthe “$umfor its~.,

components.“ “Figu~Gs23(3.)and”23(c)

agreemn~ is.au:~aysnuch bettei”than

combination of the plan *or& nounted

show, howover, that tho

it is for the alternative

entirely outgide the body.

Honcc”i’tappeaz~sthat for all practical purposes the &-ag

decrease effected by bla~lket~ng.aportion of the wing is

counterbalanced.by the increase”resulting from interaction..,,,.
The physl.calreason foi’this,rulc is not so apparent as

in the case of lift, and no ‘pressure-di.stributionmcmurcmcnts

are avaibiblo.to claimifythe m“eehanisminvolved.” It is again,“

evident, however, that the rule bccomcs,invalid when the wing

span $s short in comparison with tho .b.odydiameter. The rule

nay also fail When the l-iftingslu?$ac.e_~snea.~-’thbrear of the
.,

——
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-, .:.- ,
b~dy, .4s.-~.ith;a.,-ta~lplane. ...4.’------ . ..”

vh.ichis-believed to be relatively free of support inter- : ::-,.., . .
ference, exactly the same c~riclu9i~n6,e.p~lyt~ total ‘drag.~- --..-

This iS demonstrateed in figure 24 fccc,Gnly one typical ease,. Y
. . . . .

the strai=ghtwing plan fcmm m~un~ed tFwmgh the blunt’body.‘-. ,~._
..”

l<omentinteractim, - Yo reliable ~“at~h-ere obtai~ed
..

relating to the effect of irlterac”ti.m unon pitcb~ing-mcunent,- ..

characteristics. In discussing lift .inte,ractim,it’was .

the wing is displaced.downstream.:..The “:..-..,.
,, ..

moment ~f.a bady is negligible cmpa~.ed with t~t of ‘&
.,

‘:..

wing, so ‘thatit seems likely that the center of‘pressure ~,~

behin~ that ,of the wing alone.,..
-..

of Re~ults - . ...

The cmclusims deduced from this investigaticm regard@g

the aeratiynanicclharacterlstj.cs m? wings and bodi~sj the ..-

effects of scaie, and the effeet~ of interactim upcnithe,, -,, ... ......,,
lift and drag of czmbinatiens &t.supersonic speeds”:are-“.:.

... .”-.., ,.
strictly applicable anly’atl$ach.n~m~ersclose ta’the te-at“.-r.

,,
v~lie of 1.53s It is lagic”alt~.as~uqg, hcweve”r,tk.et-’these;.,.,.-.. .. .
results’.apply:at least appr~ximately fog ,othsr s“’uje”rsai,c..-,,.. ,

.. .
l{ach“numbers.ncithervery “largenar.v~y- close t~ bit y..

Further investigaticm-i~ reqtiired$a..~h~wt~ what ex~ent
-. !.. .,-

c’hangesin Mach nunber a~fenct.b“itherthe generalit”~of the

CONFIDENTIAL
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conclusions or the restrictions to thci~ applicability which
.

have been suggest~~ .

It is evident that even an approximate theoretical solu-

tion for supersonic.flow over some.s.ir,lp.lccomhin~tion of piano

lifting su~facg and”body of revolution would bc “welcomedby

the practical aerodynamicist, .,
.-

CONCLUSIONS

The following conclusions were deduced from tests at

1c53 Ifach number Of ~~veral suporsotic TJinZS,bodies of ~

revolution, and resulting combinations;

10 Up to the highest Reynolds numbers reached in the

investigation, aerodynamic characteristics of the straight and

sweptbaek vings aro indopcndent of scale above a Reynolds
.
-.

number of Qne-half million. Beyond th~.tvalue, “thecharact~r- .

istics of the sti-sightwing, except for,=anglcof z“crolift and .

drag at higk,angles of”attack, e.i’eclosely prcdictod by —

c.xistingtheory. .

2. Aerodynamic

bodies of revolution

..

characteristics of the two sharp-nose

appear t’obe nearly independent of scalo

between Reynolds numbers of three or four millions and tho

highest values reached in the test, Beyond those values,

their characteristics, except for drag at :?+ighangles of —

attack, are predicted reasonably well by existing linear

theory up to .a@cs of attack of 6°,

to show scale effect up to the limit

CONFIDENTIAL
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a wing-body corfiblna-

tion from the characteristics or its components, the portion

of wing areq blanketed by the,b@y should-be considered. ..
,-

completely effec-t>ve a;roiiynadcallyi This rulc”probablj ‘

fails if the win& is close~to .tliebase of the body, ‘or if .
.. . ,.

the wi~g span is sm+l comp,arcavi~h the body-diameter.. ..
.AmesAeron&utical Laboratory,

Natjonal Advisory Corzmittecfor Acr’onautics,
llo~fcttField, Calif,

..
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Figure2.- Schematic diagram of the electric strain gage balance.
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(a) Bulbous body, a =sOO.

(b) Combination of bulbous body and straight wing, a = OO. ,

Figure 7.- Typical schlieren photographs at a tunnel pressure of
18 pounds per squre inch.
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